Several Ni/Mg/Al hydrotalcites were aged by autoclaving under microwave irradiation, refluxing under microwave irradiation and by traditional refluxing methods. The hydrotalcite aged by autoclaving under microwave irradiation at a higher temperature (453 K) and for a longer time (120 min) exhibited a higher surface area and a higher basicity than the hydrotalcites aged by refluxing under microwave irradiation or by traditional refluxing. This can be explained by the generation of surface-defective sites accompanied by a loss of aluminium due to the effect of microwave irradiation. However, after calcination, high-area mixed oxides obtained from hydrotalcites aged by refluxing under microwave irradiation exhibited a higher basicity per square metre than those obtained from hydrotalcites aged under more drastic conditions. For the hydrotalcites aged under microwave irradiation, this may be related to the surface characteristics of the amorphous alumina generated during calcination. The sample with the lowest amount of alumina was that obtained from the hydrotalcite which had been aged at a higher temperature and for a longer time.
INTRODUCTION
Hydrotalcite-like compounds are a class of layered materials having the general formula [M(II) 1-x M(III) x (OH) 2 ][A nx/n ] • mH 2 O, where M(II) and M(III) are divalent and trivalent cations, respectively, and A is the interlayer anion. Such compounds have received increasing attention in recent years because of their potential applications as basic catalysts, supports, ion-exchangers and precursors for composite materials (Cavani et al. 1991; Rives and Ulibarri 1999; Tichit and Vaccari 1998) . The basicity of these layered double hydroxides (LDHs) is mainly related to the amount and nature of the divalent cations present.
The controlled thermal decomposition of hydrotalcites gives high-area mixed oxides that have numerous catalytic applications, such as the removal of SO x and NO x , aldol condensations, phenol alkylations, olefin epoxidation and partial oxidation, hydrodehalogenation or hydrogenation reactions (Morato et al. 2001; Kirm et al. 2004; Velu and Swamy 1996; Basile et al. 2004 ). The acid-base properties of calcined hydrotalcites can be tailored by changing the calcination temperature, the nature and amount of structural cations and compensating anions, as well as by the method employed for the synthesis of the LDHs (Tichit and Vaccari 1998; Tichit et al. 1995) .
Hydrotalcites are conventionally prepared by coprecipitation methods, wherein metal nitrates and precipitants are added slowly and simultaneously with stirring at a fixed pH value. The main disadvantage of this method is the time required to crystallize the hydrotalcite (ca. 1 d) (Cavani et al. 1991; Sato et al.1988) . The use of microwaves considerably decreases the preparation times and modifies the properties of the hydrotalcites; on the whole, these present smaller particles sizes and higher surface areas than conventional samples (Fetter et al. 1997; Komarneni et al. 1996; Climent et al. 2004) . Most published work has considered the influence of microwave irradiation power on the ageing of binary hydrotalcite gels (basically Mg/Al materials) together with studies of the basic properties of the resulting Mg/Al mixed oxides by testing them in base-catalyzed reactions (Climent et al. 2004; López-Salinas et al. 1997; Dumitriu et al. 1999) . What is interesting is the report by Tichit et al. (2002) of the presence of surface-defective sites together with an increase in the number of basic and acid sites in the resulting Mg/Al mixed oxides obtained upon calcination of hydrotalcites aged by microwave irradiation. A decrease of aluminium content in the hydrotalcite structure, accompanied by the formation of hydroxylated aluminium species in the extra-framework, was also detected in some cases. This has been related to some erosion of the hydrotalcite layers brought about by the interaction of microwaves (Tichit et al. 2002; Fetter et al. 2001; Möhmel et al. 2002) .
The basicity of the hydrotalcites and the mixed oxides obtained after their calcination may be studied by temperature-programmed desorption (TPD) using an acidic probe molecule such as CO 2 . This technique also allows the study of surface modifications associated with the acid-base properties of these materials.
The present work describes the influence of microwave irradiation during the ageing of Ni/Mg/Al hydrotalcites under mild and drastic conditions on the basic and surface properties of the crystallized hydrotalcites obtained and their calcination compounds. Ageing was performed by refluxing under microwave irradiation, by autoclaving with microwave irradiation under different conditions and also by traditional refluxing -the latter for comparative purposes. The basicity of the samples was determined using the CO 2 -TPD technique.
EXPERIMENTAL

Sample preparation
Hydrotalcite gels were synthesized using the traditional coprecipitation method at room temperature at a constant pH value (8 ± 0.1), using an aqueous solution containing appropriate amounts of Ni(NO 3 ) 2 • 6H 2 O, Mg(NO 3 ) 2 • 6H 2 O and Al(NO 3 ) 3 • 9H 2 O together with a 1 M NaOH titration solution, the whole being added simultaneously to an aqueous solution of 0.05 M Na 2 CO 3 • 10H 2 O. The M 2+ /Al 3+ ratio was maintained at 4:1 while the Ni 2+ /Mg 2+ ratio was 7:1. Dropwise addition was performed under vigorous magnetic stirring. After complete precipitation, the gels were aged under different conditions resulting in four samples to be compared.
Two of these samples were aged by autoclaving in a microwave oven (Milestone ETHOS-TOUCH CONTROL) under mild conditions (403 K for 15 min) or under more drastic conditions (453 K for 120 min), respectively. These are referred to below as samples 403MW 15 and 453MW 120 . Another sample was obtained by refluxing the gel under microwave irradiation for 120 min (RMW 120 ). The last sample was aged by traditional refluxing for 1080 min (R 1080 ). Finally, all the samples were filtered and washed several times with de-ionized water, and the resulting solids dried in an oven overnight at 393 K. The hydrotalcites were calcined by passing a nitrogen gas flow at 2 ml/s through the respective sample for 3 h at 623 K. This procedure resulted in the formation of the samples referred to below as R 1080 C, RMW 120 C, 403MW 15 C and 453MW 120 C, respectively.
X-Ray diffraction (XRD)
Powder X-ray diffraction patterns of the different samples were obtained using a Siemens D5000 diffractometer employing Ni-filtered Cu Kα radiation. For such measurements, samples were dusted onto a double-sided sticky tape and mounted on glass microscope slides. The patterns were recorded over a range of 2θ angles from 10°to 90°and crystalline phases were identified using the Joint Committee on Powder Diffraction Standards (JCPDS) files, viz. 089-0460 corresponding to the hydrotalcite phase and 04-0835-Bunsenite corresponding to NiO. Crystallite sizes were calculated from the diffraction data using a matching profile with WIN FIT 1.2 software.
Atomic absorption
Elemental analyses of the different samples were obtained with a Hitachi Z-8200 Polarized Zeeman Atomic Absorption Spectrophotometer. The digestion of all the hydrotalcites was carried out using conc. HNO 3 .
Nitrogen physisorption
BET areas were calculated from the nitrogen adsorption isotherms at 77 K using a Micromeritics ASAP 2000 surface analyzer, employing a value of 0.164 nm 2 for the cross-sectional area of the nitrogen molecule. The samples were previously degassed at 393 K. Brunauer, Emmett and Teller (BET) theory was applied to calculate the total surface area of the samples. In order to minimize equipment errors, the amount of sample used for analysis was sufficient to obtain an equivalent BET area of 10 m 2 /g for each experiment.
Temperature-programmed desorption/mass spectrometry experiments (TPD)
The basic properties of the solids were characterized by TPD of CO 2 using a TPD/R/O 1100 Thermo Finnigan instrument equipped with a programmable temperature furnace and a TCD detector. The gas outlet was coupled to a Pfeiffer GSD300 quadrupole mass spectrometer to allow peak identification. Experiments were performed using a 3% CO 2 /He gas flow through each sample which had been previously dried at 373 K. Carbon dioxide was desorbed from the samples by flowing He gas at a rate of 20 cm 3 /min through each sample as its temperature was raised from room temperature to 973 K at a temperature ramp of 5 K/min.
Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained using a JEOL JSM-35C scanning electron microscope operating at an accelerating voltage in the range 15-25 kV, a work distance (wd) of 14 mm and magnification value of 3000×. Figure 1 shows the XRD patterns obtained for all the samples studied. Only one crystalline phase was detected in each case, corresponding to the hydrotalcite phase. Sample 453MW 120 was the most crystalline hydrotalcite since higher intensity and sharper diffraction peaks were observed with this sample, together with a better resolution of the peaks at higher 2θ values. Specifically, these were those which corresponded to the (110) and (113) planes, thereby indicating a higher intralayer ordering in this sample. In addition, sample 453MW 120 exhibited a larger crystallite size than any of the other hydrotalcites, as obtained from the peak corresponding to the (003) plane (Table 1) . Hence, both factors, viz. higher temperature and longer ageing times under microwave irradiation, favour crystallization. These results are in agreement with those previously reported for Mg/Al, Mg/Cr microwave-aged samples (Climent et al. 2004; Kannan and Jasra 2000; Benito et al. 2006 ). The atomic absorption results indicate that hydrotalcite R 1080 , prepared by traditional refluxing, retained the theoretical cation ratio values almost unchanged (Table 2) whereas the microwave-irradiated samples showed different behaviours. Thus, the microwave-irradiated refluxed sample (RMW 120 ) and the hydrotalcite aged in an autoclave under microwave irradiation employing mild conditions (403MW 15 ) exhibited compositions which were similar composition to that of hydrotalcite R 1080 . On the other hand, there is an important increase in the Ni/Al and Mg/Al molar ratios whereas Ni/Mg remains practically constant for the hydrotalcite 453MW 120 aged under microwaves in more drastic conditions (higher temperature and longer time) ( Table 2 ). The mol Al/g HT parameter obtained for samples R 1080 and 453MW 120 allow the calculation of the aluminium loss expressed as g Al/100 g HT (%). Thus, sample 453MW 120 contained ca. 41.5% less aluminium than sample R 1080 . Therefore, disagreggation of aluminium species occurred to an important extent in this sample. This may be explained by the occurrence of some local overheating during the microwave treatment without any practical modification in the hydrotalcite structure -as observed by XRD analysis. These disaggregated aluminium species should be mainly eliminated during washing of the gel. In contrast, the samples aged using microwave irradiation under milder conditions showed no significant dealumination (Table 2) . From these results, it may be concluded that an increase in the ageing temperature and in the ageing time under microwave irradiation involved a progressive dealumination of the hydrotalcite layers.
RESULTS AND DISCUSSION
Characterization of hydrotalcites
All the hydrotalcites prepared exhibited nitrogen adsorption isotherms of type IV in the BDDT classification. The principal peak in the pore-size distributions derived from these isotherms occurred at ca. 350 Å for samples R 1080 , RMW 120 and 403MW 15 . This is in agreement with the typical mesoporosity described for hydrotalcites obtained by conventional refluxing methods (Cavani et al. 1991) . In contrast, only one peak with a maximum at ca. 30 Å appeared for sample 453MW 120 . In addition, the surface area of this latter sample was much higher than that of samples R 1080 , RMW 120 and 403MW 15 (Table 1) . This result is very surprising since XRD results showed that sample 453MW 120 was the most crystalline ( Figure 1 ). This area increase suggests the appearance of new porosity, probably as a consequence of some layer erosion associated with the formation of surface-defective sites (Tichit et al. 2002) . This result is in agreement with the fact that this sample gave the lowest value of the average pore diameter (Table 1) .
We used the CO 2 -TPD technique in order to obtain information about the basicity of the synthesized hydrotalcites. Hydrotalcites decompose with temperature and, hence, a decomposition was recorded for each hydrotalcite in addition to the CO 2 adsorption/desorption isotherm. The basicity of the samples was evaluated from the difference between the desorption profile of CO 2 and the decomposition profile.
All the thermograms showed three peaks. The single intense and narrow peak which occurred at 573 K was related to decomposition of the carbonate observed in the reference profiles, which was also related to CO 2 bound to basic sites in the CO 2 desorption profiles. Another broader peak at 696 K was related to the formation of NO x (identified by mass spectrometry) as a result of the decomposition of the nitrate at higher temperatures. In addition, a peak with low intensity appeared at 398 K in the reference profiles due to atmospheric CO 2 adsorbed on the external surface, which could also be due to some CO 2 bound to weak basic sites in the CO 2 desorption profiles.
Hydrotalcites R 1080 , RMW 120 and 403MW 15 showed the CO 2 -TPD profile depicted in Figure 2 . Since the difference between this CO 2 -TPD profile and the decomposition profile was very small, it was deduced that these hydrotalcites had a low basicity. On the other hand, sample 453MW 120 presented higher amount of basic sites (Figure 3) . Also, the peak corresponding to desorption at 573 K exhibited a shoulder that could be related to the generation of surface-defective sites during the de-alumination process observed for this sample by atomic absorption.
Characterization of calcined hydrotalcites
The XRD patterns of calcined hydrotalcites showed the existence of only one crystalline phase that corresponded to NiO. The most crystalline NiO was that obtained from calcination of the hydrotalcite prepared under microwave irradiation at higher temperature and for longer times (453MW 120 ) (Figure 4) ; this was in agreement with its larger crystallite size (see data in Table 3 ).
Other amorphous or minor phases such as MgO and Al 2 O 3 could not be detected by this technique. The cation ratios between Ni, Mg and Al in the calcined samples were found to be virtually identical to those presented by the respective starting hydrotalcites (Table 3) . Table 3 also shows other characterization data for the calcined hydrotalcites. The decomposition process, which occurred during calcination, produced an increase in the BET surface areas up to values of 169-243 m 2 /g due to the fast release (leading to crater formation) of H 2 O, NO x and CO 2 gases from the solid during calcination (Tichit and Vaccari 1998) . Surprisingly, it was observed that sample 453MW 120 C -obtained from calcination of the hydrotalcite with the highest BET surface area -exhibited the lowest surface area of all the calcined samples. This result may be explained by the higher crystallinity of the NiO phase in this sample (Table 3) , which is also associated with the fact that sample 453MW 120 C contained the largest crystallite size.
The CO 2 -TPD profiles were similar for all the calcined hydrotalcites ( Figure 5 ). They mainly showed one desorption peak whose maximum appeared at a similar temperature for all samples (around 700 K) ( Table 3) . A comparison of the CO 2 -TPD profiles for the hydrotalcites (Figures 2  and 3) showed that, after calcination, the peak due to NO x disappeared as expected, whereas the peak observed for the hydrotalcites at ca. 573 K (which was assigned to CO 2 bound to basic sites) virtually disappeared and shifted to lower desorption temperatures. Also, the thermograms of all the calcined hydrotalcites showed a peak of very low intensity at ca. 373 K, which could be mainly related to atmospheric CO 2 adsorbed on the external surface, as observed for the uncalcined hydrotalcite samples mentioned in Section 3.2. Hence, after calcination, the basic strength of the samples showed a considerable increase as deduced from a comparison of the variation in the values of the desorption temperature maxima for each sample. This may be explained in terms of the nature of the basic sites. In the hydrotalcites, the basicity may be related to the -OH groups, whereas in the calcined hydrotalcites the basicity can be assigned to the surface O 2anions (Climent et al. 2004; Di Cosimo et al. 2000) .
The calcined hydrotalcites obtained from hydrotalcites aged under microwave irradiation exhibited a greater number of basic sites per square metre than the calcined sample obtained from the hydrotalcite aged by conventional reflux (R 1080 C) (Table 3 ). This is in agreement with the results reported by Climent et al. (2004) for Mg/Al oxides obtained from hydrotalcites aged under mild microwave irradiation. Interestingly, it was also observed that the mixed oxides obtained in the present work from hydrotalcites prepared under microwave irradiation using mild conditions (RMW 120 and 403MW 15 ) exhibited a slightly higher number of basic sites per square metre than that measured for the hydrotalcite aged under microwave irradiation at more drastic conditions (453MW 120 ) (Table 3) . This increase in basicity may be related to the surface characteristics of the amorphous alumina obtained from calcination of hydrotalcites aged under microwave irradiation. Thus, the lower amount of amorphous alumina present in sample 453MW 120 C, as detected by atomic absorption, may explain the lower basicity observed for this sample. Scanning electron microscopy (SEM) was used to compare the morphologies of the calcined hydrotalcites R 1080 C and 453MW 120 C with those of their hydrotalcite precursors which were aged by conventional refluxing and under microwave irradiation using drastic conditions, respectively ( Figure 6 ). After calcination, the two samples exhibited particles with similar morphologies to the lamellar structure of the starting hydrotalcites. This could be attributed to the mild calcination conditions employed. Interestingly, the gases released during calcination seemed to produce different effects on the morphology of the two samples. Thus, for the sample aged by conventional refluxing, an increase in the number of smaller particles was observed after calcination due to the breakage of the hydrotalcite particles cause by the release of gases [Figures 6(a) and 6(c), respectively). In contrast, the particles of sample 453MW 120 C showed an eroded appearance [ Figure 6 (d)] when compared with those of the corresponding hydrotalcite [ Figure 6 (b)] where virtually no particle breakage was observed. In this case, it is possible that the surface-defective sites detected for the starting hydrotalcites -and caused by microwave irradiation -made the release of gases during calcination easier, and consequently less breakage of the particles was observed. The differences in basicity detected for these samples could be related to the differences observed in their morphologies.
CONCLUSIONS
When aged under microwave irradiation at higher temperatures (453 K) and for longer times (2 h), hydrotalcites develop a new mesoporosity, a higher surface area and a higher basicity than those aged using microwave irradiation under milder conditions or by traditional refluxing. This may be explained in terms of the generation of surface-defective sites induced by the effect of microwave irradiation. This, in turn, may be related to the loss of aluminium observed by atomic absorption for such samples. The mixed oxides obtained by calcination of hydrotalcites aged under microwave irradiation using milder conditions (refluxing at 343 K for 120 min or autoclaving at 403 K for 15 min) exhibited a higher basicity per square metre than the other calcined hydrotalcites studied. This may be associated with the amorphous alumina obtained during calcination having different surface characteristics generated by the effect of microwave irradiation on its hydrotalcite precursors. This lower basicity per square metre may be attributed to the lower amount of such amorphous alumina in the calcined hydrotalcite aged using microwave irradiation with more drastic conditions. This is corroborated by SEM studies, where the 435MW 120 C sample presented a more eroded appearance.
